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This is the eleventh in a series of evaluated sets of rate constants and photochemical cross sections compiled 
by the NASA Panel for Data Evaluation. The primary application of the data is in the modeling of stratospheric 
processes, with particular emphasis on the ozone layer and its possible perturbation by anthropogenic and natural 
phenomena. Copies of this evaluation are available from the Jet Propulsion Laboratory, California Institute of 
Technology, Library Section, MS 111-120, 4800 Oak Grove Drive, Pasadena, California, 91109. 
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CHEMICAL KINETICS AND PHOTOCHEMICAL DATA 
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RECENT CHANGES AND CURRENT NEEDS OF LABORATORY KINETICS 
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The database on homogeneous sulfur chemistry has seen only minor changes in the recommendations for 
the reactions that were included in the previous evaluation. However, this section has undergone moderate expansion 
to include additional reactions of importance in the atmospheric oxidation of reduced sulfur compounds of natural and 
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mid-latitude ratios of NOx/ClOx this process increases ozone loss by lowering NOx levels and thus reducing the 
scavenging of CIO by CIONO2 formation. However, at higher NOx/ClOx ratios, such as those projected for mid- 
latitude regions impacted by the exhaust from a future high altitude supersonic aircraft fleet, the projected additional 
ozone loss from homogenous NOx catalyzed destruction is greatly reduced or eliminated. Under some circumstances 



This table gives AHf(298) values for a number of atmospheric species. Most of the recommendations are 
based upon data in the lUPAC Evaluation (Atkinson et al. [65]). Some of the values are different from the current 
lUPAC recommendations, reflecting recent studies that have not yet been accepted and incorporated into that 
publication. These data are presented without citation or reference to the original source. 
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In Table 1 (Rate Constants for Second Order Reactions) the reactions are grouped into the classes Ox, 0(^D), 
Singlet O 2 , HOx, NOx, Hydrocarbon Reactions, FOx, ClOx, BrOx, lOx, SOx, and metal reactions. The data in 
Table 2 (Rate Constants for Association Reactions) are presented in the same order as the bimolecular reactions. The 
presentation of photochemical cross section data follows the same sequence. 
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seconds. Thus, for first-, second-, and third-order reactions the units of k are s'^, cm^ molecule"^ s'^, and cm* 
molecule"^ s'^, respectively. Cross sections are expressed as cm^ molecule" ^ base e. 



The H + 0, Reaction 
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Figure 1 . Symmetric and Asymmetric Error Limits 



TABLE 1. RATE CONSTANTS FOR SECOND ORDER REACTIONS 







0(1d) + CF 3CF3 O + CF3CF3 - - _ 

(CFC-116) 

0(1D) + CHF2CF2CP2CHF2-> products 1.8x10-1 ^ (ttlOO L8xl0“ll 1-5 A15.A47 

^C-338pcc) 

0(1d) + c-C4Fg —> products • ■ SxlO"!^ 1-3 A15,A48 



Table 1. (Continued 



02( ^ A) + CO 2 products - - <2xl0"20 - A60 
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Table 1. (Continued 
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Table 1. (Continued) 

Reaction A-Factor^ E/R±(AE/R) k(298 K)® ^298)1^ Notes 
















Table 1. (Continued 





Cl + H202 ^ HCl + H02 l.lxlO-H 980±500 4.1x10-13 1.5 F47 
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(HFC-161) 

^ HCI + CH2CH2F 1.4x10-11 880±500 7.3x10-13 3.0 F77 
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Table 1. (Continued 


























Ci> CH3SCH3 products ' (See Note) 


Table 1. (Continued) 

Reaction A-Factor^ E/R±(AE/R) k(298 K)^ f(298)^ Notes 
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Al. O + O 3 . The recommended rate expression is from Wine et al. [1720] and is a linear least squares fit of all 



A4. 0(^D) + O 3 . The branching result for reaction of 0(^D) with O 3 to give O 2 + O 2 or O 2 + O + O is from 

Davenport et ah [408]. This is supported by measurements of Amimoto et al. [28] who reported that on 
average one ground state O is produced per 0(^D) reaction with O 3 . It seems unlikely that this could result 
from 100% quenching of the 0(^D) by O 3 . 



A 8 . 0(^D) + NH 3 . Sanders et al. [1372] have detected the products NH(a^A) and OH formed in the reaction. 

They report the yield of NH(a^ A) is in the range 3-15% of the amount of OH detected. 
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A46. 0(^D) + C 2 F 6 (CFC-116). The recommendation is based on a measurement by Ravishankara et al. [1307] 
who report 85±15% physical quenching. The small rate coefficient for this reaction makes it vulnerable to 
interference from reactant impurities. For this reason the recommendation should probably be considered an 
upper limit. 
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A57. 02(^A) + H 2 O. The recommendation is the average of the measurements reported by Becker et al. [129] and 
Findlay and Snelling [514]. An earlier study by Clark and Wayne [305] reported a value about three times 
larger. 



A62. 02(^E) + O 2 . The recommendation is the average of values reported by Martin et al. [1040], Lawton et al. 
[906], and Lawton and Phelps [907] who are in excellent agreement. Measurements by Thomas and Thrush 
[1542], Chatha et al. [280], and Knickelbein et al. [852] are in reasonable agreement with the 
recommendation. Knickelbein et al. report an approximate unit yield of 02(^ A) product. 



o 


Wildt et al. report that the yield of 02(^A) > 90%. 
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H + NO 2 . The recommended value of is derived from the studies of Wagner et al. [1634], Bemand and 

Clyne [140], Clyne and Monkhouse [328], Michael et al. [1080] and Ko and Fontijn [857]. The temperature 
dependence is from the studies of Wagner et al. and Ko and Fontijn. The data from Wategaonkar and Setser 
[1679] and Agrawalla et al. [22] were not considered. 




Barnes et al. study [98] was carried out only at room temperature and 1 torr total pressure while their most 
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Cl 7. N + NO. The recommended temperature dependence is based on the discharge flow-resonance fluorescence 
studies of Wennberg and Anderson [1692], and the discharge flow-resonance fluorescence and flash photolysis- 
resonance fluorescence studies of Lee et al. [915]. There is relatively poor agreement between these studies and 
the results of Clyne and McDermid [325], Kistiakowsky and Volpi [838], Herron [664], Phillips and Schiff 
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D5. O + CH 3 CHO. The recommended k(298 K) is the average of three measurements by Cadle and Powers 
[236], Mack and Thrush [1001], and Singleton et al. [1439], which are in good agreement. Cadle and Powers 





Hynes et al. [729]. The uncertainty factor is for 1 atm. of air. 



The bimolecular channel yields H + CO2 while the addition leads to HOCO. In the presence of O2, the 
HOCO intermediate is converted to HO2 + CO2 (DeMore [440]). Therefore, for atmospheric purposes, the 
products can be taken to be HO2 and CO2. 
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three studies. The ratio of the rate coefficients for OH reactions with C 2 H 6 and C 3 Hg has been measured by 
Finlay son-Pitts [518]. Our recommendations are in reasonable agreement with this ratio. 




and therefore have not been included. The recommended 298 K value is a weighted average of all other 
studies. The temperature dependence was computed using the results of Kurylo and Knable (250-363 K), the 



lower temperature values (i.e., 295-391 K) of Rhasa, and the data of Hynes and Wine (256-388 K). Three 
points are worth noting: (a) Rhasa observed a curved Arrhenius plot even in the temperature range of 295 to 
520 K, and therefore extrapolation of the recommended expression could lead to large errors, (b) Hynes and 
Wine observed a pressure dependent increase of k(298 K) which levels off at about 1 atmosphere. This 




Dagaut et al. [397], Renter et al. [508], and Maricq and Szente [1026]. In all experiments the rate coefficient 
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D37. CH 3 O + NO. The reaction of CH 3 O with NO proceeds mainly via addition to form CH 3 ONO (Batt et al. 
[118], Wiebe and Heicklen [1706], Frost and Smith [543], and Ohmori et al. [1203]). However, a fraction of 
the energized CH 3 ONO adduct decomposes to CH 2 O + HNO and appears to be a bimolecular channel. This 



reaction has been investigated recently by direct detection of CH 3 O via laser induced fluorescence [Zellner 
[1778]; Frost and Smith [543]; Ohmori et al. [1203]]. The previous end product studies (Batt et al. [118], 
Wiebe and Heicklen [1706]) are generally consistent with this conclusion. Since the fraction of the CH 3 ONO 
adduct that falls apart to CH 2 O + HNO decreases with increases in pressure and decreases in temperature, it is 



CH 3 O 2 + CH 3 O 2 ^ 2 CH 3 O + O 2 ka; ka/k = 0.3 at 298 K 

CH 3 O 2 + CH 3 O 2 -> CH 2 O + CH 3 OH + O 2 kb ; kb/k = 0.6 at 298 K 

CH 3 O 2 + CH 3 O 2 CH 3 OOCH 3 + O 2 kc ; kc/k = 0.1 at 298 K 

CH 3 O 2 + CH 3 O 2 ^ CH 3 OOH + CH 2 O 2 kd ; kd/k = 0.0 at 298 K 



[1782] have measured the yield of CH 3 O to be 1. 0+0.2. These results, in conjunction with the indirect 



evidence obtained by Pate et al. [1236], confirm that NO 2 formation is the major reaction path, at least at low 
pressures. 



lower atmospheric pressure and temperature conditions. 



D45. C 2 H 5 O 2 + NO. The recommended k(298) is the average of the values reported by Plumb et al. [1264] and 
Sehested et al. [1401]. The value reported by Adachi and Basco [11], which is a factor of three lower than the 
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E19. OH + CF 3 CH 2 CF 3 (HFC-236fa). This is one of the slowest of the OH abstraction reactions. The absolute 
rate constant at 298 K of Garland et al. [550] is a factor of three higher than the relative rate result of Hsu and 
DeMore [707]. Also, the Arrhenius parameters are markedly different. Recommended value based on results 
of Hsu and DeMore. 
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A factor is estimated by comparison to other CF 3 O reactions, and the E/R is calculated to give the 
recommended k(298). The reaction products have not been observed. 
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E 46 . CF3O2 + CO. New Entry. The recommended upper limit is reported by Turnipseed et al. [ 1584 ] who used 
chemical ionization mass spectrometric detection of CF3OO with a flow tube reactor at 296 K. This result is 
at odds with an earlier study by Czarnowski and Schumacher [ 395 ] who deduced a ’’fast reaction", when they 
observed the thermal decomposition of CF3OOOCF3 to accelerate in the presence of CO at 315 - 343 K. It is 
possible that the reaction of CF3O with CO could account for their observations. 
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F25. OH + CH 3 CCI 3 . Recommendation unchanged from JPL 92-20, The k(298K) recommendation is based on 
absolute rate studies of Talukdar et al, [1532] and Finlayson-Pitts et al. [516], and a relative rate study (CH 4 
as reference) of DeMore [443]. The temperature dependence is that of Talukdar et al. [1532], These studies 
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slightly greater temperature dependence. The recommended rate expression averages results of this new stu< 
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F63. Cl + CI 2 O 2 . The recommended value is that determined by Friedl (private communication) in a study using 
a DF-MS technique. It is in agreement with the value reported by Cox and Hayman [379] in a study using a 
static photolysis technique with photodiode array UV spectroscopy. 
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F98. CIO + CH 3 O 2 . The recommended expressions for the individual reaction channels are derived from the 
temperature dependent expressions for the overall rate constant and the branching ratios determined in the 
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F106. CCIF 2 O 2 + NO. The recommendation is based on the measurements made by Dognon et al. [477] who used 
pulsed photolysis with mass spectrometry detection at 1-10 torr and 228-413 K and Sehested et al. [1401] who 
used pulsed radiolysis with UV absorption detection of the NO 2 product at one atm and 298K. Wu and Carr 
[1748] observed the CCIF 2 O radical primary product to rapidly dissociate to CF 2 O and Cl. 
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G22. Br + NO3. The recommended value is that reported by Mellouki et al. [1066] in a study using DF-DPR 
techniques. 



G27. BrO + O3. Based on results reported by Mauldin et al. [1048]. This upper limit is a factor of 100 lower than 
that reported by Sander and Watson [1369]. Clyne and Cruse [314] reported a less sensitive upper limit. All 
studies reported that there is no evidence for this reaction. The analogous CIO reaction has a rate constant of 
<10“^^ cm^ molecule"^ s'^. 



most comprehensive sets of rate constant and branching ratio data. The overall rate constants reported in 
these two studies are in good agreement (20%) at room temperature and in excellent agreement at 



stratospheric temperatures. Both studies report that OCIO production by channel (1) accounts for 60% of the 
overall reaction at 200 K. Both studies report a BrCl yield by channel (3) of about 8%, relatively 
independent of temperature. The recommended expressions are consistent with the body of data from all 
studies except those of Hills et al. [670] and Basco and Dogra [111]. 



G33. CH2Br02 + NO. New Entry. The recommendation is based on the 298 K measurement of Sehested et al. 
[1401] who used pulsed radiolysis with UV absorption detection of the NO 2 product formation rate. The 
temperature dependence is estimated based on analogy to similar RO 2 + NO reactions. 




. The recommended value is the average of the values reported by Jenkin et al. [763] and Maguin 




limited temperature data of Westenberg and de Haas. The principal reaction products are thought to be CS + 
SO. However, Hsu et al. [705] report that 1.4% of the reaction at 298 K proceeds through a channel yielding 
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121. NO 2 + SO 2 . This recommendation is based on the study of Penzhorn and Canosa [1243] using second 
derivative UV spectroscopy. While these authors actually report a measured value for k(298 K), their 
observations of strong heterogeneous and water vapor catalyzed effects prompt us to accept their measurement 



as an upper limit. This value is approximately two orders of magnitude lower than that for a dark reaction 
observed by Jaffe and Klein [748], much of which may have been due to heterogeneous processes. Penzhorn 
and Canosa suggest that the products of this reaction are NO + SO 3 . 
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would dominate in the Sander and Watson experiments. It does not appear likely that such secondary reactions 
involving CH3O2, NO, or other radical species would be rapid enough, if they occur under normal 
stratospheric conditions to compete with the adduct decomposition. This interpretation, unfortunately, does 
not explain the high rate constant derived by Cocks et al. [345] under conditions of low [CH3O2]. 
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reflects the absence of any confirming investigation. 



152. S03 + N02. This recommendation is based on the study of Penzhorn and Canosa [1243] using second 

derivative UV spectroscopy. These authors observe the production of a white aerosol, which they interpret to 
be the adduct NSO5. This claim is supported by ESCA spectra. 
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constant for this reaction was thus determined relative to SH + O 3 from measurements of the steady state SH 
concentration as a function of the initial SH concentration. In the second study, the rate constant and its 
branching ratio were measured at two temperatures. At room temperature, the overall rate constant is in 
excellent agreement with that of Friedl et al. More recently, Lee et al. [928] determined a room temperature 
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164. CS + O 3 ; CS + NO 2 . The k(298 K) recommendations for both reactions accept the results of Black et al. 
[163] who used laser induced fluorescence to monitor the CS reactant in a room temperature experiment. The 
uncertainty factors reflect the absence of any confirming measurements. 
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NaO + H2- The recommendation is based on a measurement by Ager and Howard [19]. They also reported a 
significant Na + H 2 O product channel and that a small fraction of the Na from this channel is in the 3^P 
excited state. 
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TABLE 2. RATE CONSTANTS FOR ASSOCIATION REACTIONS 
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Table 2. (Continued) 



The values quoted are suitable for air as the third body, M. 
^ Units are cm^/molecule^-sec. 

Units are cm^/molecule-sec. 


Shaded areas indicate changes or additions since JPL 92-20. 
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fits the data of Cobos et al. [343]. The temperature dependence is an estimate. (Data of van den Bergh and 
Callear [1608], Hochanadel et al. [681], Basco et al. [114], Washida and Bayes [1677], Laufer and Bass 
[903], and Washida [1674] are also considered.) The fit to Keiffer et al. [810] is very good, suggesting that 
the temperature dependence for the high pressure limit is also reasonable. Kaiser [796] has determined 
values in reasonable agreement (+30%) with the recommended values. 
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CH 3 O + NO 2 . Recommended values at 298K from the study of Frost and Smith [544] in argon. Low 
pressure results agree with the measurements of McCaulley et al. [1050] in helium. A bimolecular 
(chemical activation) pathway is also observed. Temperature dependences are estimated. 



C 2 H 5 O + NO. High pressure rate constant at 298K from Frost and Smith [543]. Low pressure value 
estimated from a Troe calculation, and temperature dependences from similar reactions. 
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580 torr. They both recommend different parameters, but the data are well represented by the currently 
recommended values. Data of Ryan and Plumb [1352] are in agreement. 
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NaOH + CO 2 . Ager and Howard [20] have measured the low-pressure limiting rate constant. The 
temperature dependence is an estimate. Ager and Howard have calculated the high-pressure limit using a 
simple model. The temperature dependence is an estimate. 
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TABLE 3. EQUILIBRIUM CONSTANTS 
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CIO + O 2 . DeMore [441] reports K <4 x 10“^® molecule"^ at 197K. His temperature dependence of the 
equilibrium constant is estimated using S°298 (CIO O 2 ) = 73 cal mol'^K"^ and AH®298 < 7.7 kcal mol'^. 
A higher value of K has been proposed by Prasad [1279], but it requires S°(C10 02) to be about 83 cal mol'^ 



o 


within combined experimental error. 


CH 3 S + O2. New Entry. Turnipseed et al. [1583] report the equilibrium constant for 216 < T/K < 258. 
From a third law analysis using AS°237 = -36.8 ±2.6 eu, they obtain AH®237 = -1 1.5±0.9 kcal/mole. 
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Table 4. Photochemical Reactions 
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New Entry, 

Indicates a change in the recommendation from the previous evaluation. 
Indicates a change in the note. 



Kennes [1164] and Minschwaner et al. [1092] incorporates results of the later laboratory measurements into efficient 
schemes for computing broad-band transmission and photolysis rates. Transmission values obtained by Murtagh 
[1139] agree well with the WMO [1736] recommendations, although the high resolution calculations of 
Minschwaner and Salawitch differ with the WMO values by as much as 10 - 20% at some wavelengths. 
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Table 7. Absorption Cross Sections of O3 at 273 K 
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forbidden processes are taking place. Michelsen et al. [1087] developed a model accounting for absorption by 
vibrationally and rotationally excited ozone and concluded that the tail in question indeed exists; i.e., that the 
quantum yield for 0(^D) production is 0.2 - 0.3 for wavelengths between 312 and 320 nm at 298 K. Clearly, 



a 3 = -1.454*10-^ - 4.7787*10-^ x + 8.1277-10" 



times larger at the longer wavelength. The absolute quantum yield for 0(^D) production has 



Table 9. Absorption Cross Sections of HO 2 
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The recommended 298 K absorption cross section values, listed in Table 1 1, are the mean of the data of Lin et 
al. [978], Molina and Molina [1102], Nicovich and Wine [1171], and Vaghjiani and Ravishankara [1600]. Molina 
and Molina [1102] supersedes the earlier results of Molina et al. [1108]. Nicovich and Wine measured the cross 


sections at A, ± 230 relative to the values at 202.6, a = 4.32 x 10"^^ cm^, and at 228.8 nm, a = 1.86 x 10' 
The values are within 2% of the recommended value. 
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Table 12. Mathematical Expression for Absorption Cross Sections of H 2 O 2 
as a Function of Temperature 



Range 260-350 nm; 200-400 K 


Earlier recommendations for the absorption cross sections of nitrogen dioxide were taken from the work of 
Bass et al. [117]. More recent measurements have been reported by Schneider et al. [1391], at 298 K, for the 
wavelength range from 200 to 700 nm; and by Davidson et al. [411], from 270 to 420 nm, in the 232-397 K 
temperature range. At room temperature the agreement between these three sets of measurements is good; within 5 
% between 305 and 345 nm, and within 10% at the longer wavelengths. The agreement is poor below room 




Table 13. Absorption Cross Sections of NO 2 
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a smooth fit to the data of Gardner et al. [549] for the wavelength range from 334 to 404 nm; Marker et al. [640] for 
397-420 nm (corrected for cross sections); Davenport [407] for 400-420 nm; and Jones and Bayes [788] for 297-412 
nm. Direct measurements of the solar photodissociation rate of NO 2 in the troposphere by Parrish et al. [1233] and 
by Shetter et al. [1410] agree better with theoretical estimates based on this recommendation than with the earlier 
one. 



Table 14. Quantum Yields for NO 2 Photolysis 







The spectroscopy of NO 3 has been reviewed by Wayne et al. [1688]. The reader is referred to this work for a 
more detailed discussion of the cross section and quantum yield data, and for estimates of the photodissociation rates 
as a function of zenith angle. 
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Figure 2. Absorption Spectrum of NO 3 






Table 15. Absorption Cross Sections of NO 3 at 298 K 
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Table 17. Absorption Cross Sections of N 2 O at 298 K 
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study of Oh et ah [1202] indicates that, besides NO 3 , the primary photolysis products are a wavelength dependent 
mixture of NO 2 , NO 2 * and NO + O, where NO 2 * represents one or more excited electronic states, most likely the 
^Bi state. 
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For 285 nm< X < 380 nm; 300 K > T > 225 K: 
1020 0 = exp[2.735 + ((4728.5 - 17.127 :^)/T)] 
where a is in cm^/molecule; X in nm; and T in K. 
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Table 19. Absorption Cross Sections of HONO 
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Johnston et al. [776] measured a quantum yield value of ~1 for the OH + NO 2 channel in the 200-315 nm 
range, using end product analysis. The quantum yield for 0-atom production at 266 nm has been measured to be 
0.03, and that for H-atom production less than 0.002, by Margitan and Watson [1023], who looked directly for these 
products using atomic resonance fluorescence. Jolly et al. [784] measured a quantum yield for OH production of 
0.89 ± 0.08 at 222 nm. Turnipseed et al. [1590] have measured a quantum yield near unity for OH production at 





Table 21. Absorption Cross Sections of HO 2 NO 2 Vapor 
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for wavelengths longer than about 330 nm (Moortgat et al. [1124]). Table 22 gives the values at atmospheric 
pressure and room temperature; the reader is referred to the Moortgat et al. publication for information on values at 
lower pressures and temperatures. 



Table 22. Absorption Cross Sections and Quantum Yields for Photolysis of CH 2 O 
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Note: The values are averaged for 2.5 nm intervals centered on the indicated wavelength. 
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Table 23 . Absorption Cross Sections of CH3O2 and C2H5O2 
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Vaghjiani and Ravishankara [1600] measured the cross sections of CH 3 OOH by monitoring the CH 3 OOH 
concentration via trapping and titration. These results are recommended and are listed in Table 24. The earlier 
results of Molina and Arguello [1110] are consistently 40% higher than the values shown in Table 24; this difference 
is believed to be due to difficulty in trapping CH 3 OOH and measuring its concentration. CH 3 OOH dissociates upon 
light absorption to give CH 3 O with unit quantum yield (Vaghjiani and Ravishankara, [1601]); these authors also 
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Herzberg and Innes [667] have studied the spectroscopy of hydrogen cyanide, HCN, which starts absorbing 
weakly at X. < 190 nm. 
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The absorption cross sections of chlorine monoxide, CIO, have been reviewed by Watson [1681]. There are 
more recent measurements yielding results in reasonable agreement with the earlier ones, (1) Mandelman and 
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Figure 3. Absorption Spectrum of CIO 



Johnston et al. [779] measured the absorption cross sections of the ClOO radical using a molecular 
modulation technique which required interpretation of a complex kinetic scheme. More recently, Mauldin et al. 
[1047] reported cross section measurements in the range from 220 to 280 nm, and Baer et al. [81] from 240 to 300 
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The spectrum of OCIO is characterized by a series of well developed progressions of bands extending from 



photodissociation products is only of minor importance in the context of atmospheric processes. 


Table 27. Absorption Cross Sections of OCIO at the Band Peaks 
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The ultraviolet absorption spectrum of HF has been studied by Safary et al. [1356]. The onset of absorption 
occurs at X < 170 nm, so that photodissociation of HF should be unimportant in the stratosphere. 
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Molina et al. [1 1 12] observed production of OH radicals in the laser photolysis of HOCl around 310 nm, and 
Butler and Phillips [233] found no evidence for 0-atom production at 308 nm, placing an upper limit of ~0.02 for 
the primary quantum yield for the HCl + O channel. Vogt and Schindler [1626] used broadband photolysis in the 
290 - 390 nm wavelength range, determining a quantum yield for OH production of >0.95. 
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Table 34. Absorption Cross Sections of HOCl 
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over the entire visible and near-ultraviolet bands. 


Table 35. Absorption Cross Sections of CINO 
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Table 36. Absorption Cross Sections of CINO 2 
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Recent work by Nicolaison et al. (private communication, 1994) suggests that the photodissociation 
quantum yield might be less than unity at long wavelengths (i.e., beyond about 330 nm), because of the formation 
of a long-lived intermediate that might be quenched under atmospheric conditions. Additional measurements are 
needed to address this issue, which has potentially important atmospheric consequences. 
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Table 38. Absorption Cross Sections of CIONO2 
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alocarbon Absorption Cross Sections and Quantum Yields 
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Table 40. Absorption Cross Sections of CCI 3 F 







Table 41. Absorption Cross Sections of CCI 2 F 2 
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The preferred absorption cross sections, listed in Table 44, are those given by Vanlaethem-Meuree et al. 
[1614], These values are in very good agreement with those reported by Robbins [1330] at 298 K, as well as with 
those given by Hubrich et al. [713] at 298 K and 208 K, if the temperature trend is taken into consideration. The 
results recently reported by Simon et al. [1425] over the temperature range 295-210 K are in excellent agreement 
with the present recommendation. 
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nm, and in a separate table at wavelengths corresponding to the wavenumber intervals generally used in stratospheric 
photodissociation calculations. Table 45 lists the values at 210 K, 250 K and 295 K, every 5 nm; the odd 
wavelength values were computed by linear interpolation. These values agree within 10% with those reported by 
Nayak et al.; these authors carried out measurements between 160 and 260 nm, from 220 to 330 K. 



Table 45. Absorption Cross Sections of CH3CCI3 
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The absorption cross sections of CHCIF 2 (HCFC-22) have been measured at room temperature by Robbins 
and Stolarski [1332] and Chou et al. [300], at 208 K and 218 K by Hubrich et al. [713], and between 210 and 295 K 
by Simon et al. [1425]. The agreement between these groups is reasonable. The preferred absorption cross sections, 
listed in Table 46, are taken from work of Simon et al. 
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CH3CF2CI (HCFC-142b) + hv ^ Products 
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Table 47. Absorption Cross Sections of Hydrochlorofluoroethanes at 298 K 
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The BrO radical has a banded spectrum in the 290-380 nm range. The strongest absorption feature is around 
338 nm. The measured cross sections are both temperature and resolution dependent. As an example, the spectrum 
measured by Wahner et al. [1637] is shown in Figure 5. The bands are due to a vibrational progression in the A <— 
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Table 50. Absorption Cross Sections of BrO 
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Figure 5. Absorption Spectrum of BrO 





The bromine nitrate cross sections have been measured at room temperature by Spencer and Rowland [1470] 
in the wavelength region 186-390 nm; their results are given in Table 51. The photolysis products are not known. 
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255 61 350 

260 48 360 

265 39 370 

270 34 380 

275 31 390 






Table 52 lists the recommended absorption cross sections at 298 K, taken from Gillotay and Simon [567]. 
These authors measured the cross sections down to 210 K; for < 210 nm the temperature effect is negligible. 
Molina et al. [1106] and Robbins [1330] have also measured the absorption cross sections for this molecule at room 
temperature; ihe agreement among the three studies is very good. 
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a(>.,T) = exp [( 0.06183 - 0.000241 X) (273 - T) - ( 2.376 + 0.14757 X)] 
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290 nm < a < 340 nm; 210 K < T < 300 K 


The preferred absorption cross sections at 298 K, listed in Table 54, are the mean of the values reported by 
Gillotay and Simon [568] at 2 nm intervals and Burkholder et al [219] at 1 nm intervals over the wavelength range 
where the agreement is acceptable, i.e., better than 70%. At longer wavelengths Burkholder et al. [219] measure 
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Table 54. Absorption Cross Sections of CF 2 ClBr, CF2Br2, CF 3 Br, and CF 2 BrCF 2 Br at 298 K 


Ph 


CQ 

pp 

U 


O^^CSCSCSCS(N^^OOONOOr-vOVO^OTtrtcn(Nr 4 CS^^ 


>0 ^ CO On oo T-H VO 
^c^cN^^cnoocoa^i>*ocn<Nc^^ 
odvduS'Tfc<^CN^^OOOOOOO 


cs 

s 

o 


o 

<N 

o 


PQ 

CO 

Ph 

u 


11^ 

u 


’^v^v^*OTtcs|oo(S'^TfO'^r^oooor^i>r^r^oo^TtovTf 

vdr^odoNO^^*c 4 cs<Ncs^ooNo 6 r^vdwS^cncor 4 ^^ 


'Ocnr^vooocNONVo 

^avcn^c<ivo^r-»ocn<Sr-H^oo 

ooiOTtcncN^^oooooooo 

ooooooooooooooo 





'O cN ^ 

^cN»o<N-^’-^cno^»oocn'^cs^cno^r-ONa\oor^vovooocnovc^r^ONcnoocnor^wS^’cn 

ONoor^r^r-ooav^cn»nooocNTf»r>io»nTtcNOoovOTf<NOoor^» 0 '^cocN(N’-Hi-H^ 


VO 

VO 


Ui 

PP 

u 


PP 

u 


CO 00 VO 

o^o^ocs'^ov'^^oovo'^co 

r-ooocnvoc<ioo^cN^r-cvivoooo^<NTfvoovcNivo^vocsoow-ic<ioo6vd»0'«^*foc4»-^^^’oooo 

Ttior-ooov^'^cscNcN^’-^ooNONoor-vownTf'^cococsc'i^^^’^ 


^ 6 II OCN'^VOOOO(NTf^OOOcS'^VOOOOC^^OOOOCSI'«^VOOOOCVI'^VOooO<N^VOOOOCS'^VOOOO<N 

^ C 3 II 0 V 0 Nav 0 N 0 vOOOOO»-^^^^^<N<NCS(N(Nc 0 c 0 c 0 cor 0 TtTl-Ti-TtTtm*n»ri*n*nv 0 v 0 V 0 V 0 ^r-l> 

w II ^t-Hr-^^i-HC<Jcscscsr<icNr<iC'icscsicNrsi<N(Nr<icNcNcscNCNicNcsr4cNr4(Nc<icNcN<s<scvicNcN<Ncsicsi 


Continued on next page. . 





Table 54. (Continued) 
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wavelengths beyond 300 nm. The Fahr et al. values are about 18 % higher than those of Walters et al.; however, at 
the longer wavelengths and lower temperatures (253 K) the disagreement is larger. 


Table 55. Absorption Cross Sections of CF 3 I at 298 K and temperature coefficient B* 
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The UV absorption spectrum of SO 2 is highly structured, with a very weak absorption in the 340-390 nm 
region, a weak absorption in the 260-340 nm region, and a strong absorption extending from 180 to 235 nm; the 
threshold wavelength for photodissociation is --220 nm. The atmospheric photochemistry of SO 2 has been reviewed 
by Heicklen et al. [654] and by Calvert and Stockwell [242]. Direct photo-oxidation at wavelengths longer than 
-300 nm by way of the electronically excited states of SO 2 appears to be relatively unimportant. 
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Table 56. Absorption Cross Sections of OCS 
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There are several studies of the UV absorption spectra of NaCl vapor. For a review of the earlier work, which 
was carried out at high temperatures, see Rowland and Rogers [1343], The recommended cross sections, listed in 
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understanding their tropospheric chemical lifetimes and thus, the fraction which may be transported into the 
stratosphere. 



A number of laboratory studies have shown that mass accommodation coefficients and, to some extent, 
surface reaction probabilities can be temperature dependent. While these dependencies have not been characterized for 
many systems of interest, temperature effects on kinetic data are noted where available. More work which fully 
separates heterogeneous kinetic temperature effects from temperature controlled surface composition is obviously 
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dissociation and solvation (e.g., HCl + H2O H+(aq) + Cl" (aq)) and absorption followed by a reversible chemical 
reaction with a condensed phase substituent (e.g., SO2 + H2O H+ + HS03" ). Processes involving liquid 




surfaces are subject to Henry’s law which limits the fractional uptake of a gas phase species into a liquid. If the gas 
phase species is simply solvated a physical Henry’s law restraint holds; if the gas phase species reacts with a 
condensed phase substituent, as in the sulfur dioxide/liquid water case noted above, a “chemically modified” or 
“effective” Henry’s law constraint holds. (Clegg and Brimblecombe [310]; Schwartz [1397]; Watson et al. [1680]). 
Effective Henry's law constants are designated H* while simple physical Henry's law constants are represented by H. 





Table 58. Mass Accommodation Coefficients (a) 
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Table 58. (Continued) 
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Table 58. (Continued) 
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* Varies with T, see Notes 
t Measurement likely affected by saturation. 
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12. H 20 on HN 03 »nH 20 (s) - Middlebrook et al. [1089] measured an uptake coefficient of .002 for water vapor 
co-depositing with nitric acid over NAT at 197 K. 

13. H 2 O on H 2 SO 4 • nH 20 - Baldwin and Golden [87] measured y ~2 x 10"^ which is almost certainly affected 
by surface saturation. See Note 15 for H 2 O 2 on H 2 SO 4 • nH20. 
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CH3C(0)0H on H20(l) - Jayne et al. [755] measured uptake coefficients for acetic acid between 260 and 
291 K and derived accommodation coefficients fitting a/(l-a) = expC-AG^obs/^T), where AG^obs = 
-8.1 kcal mol'^ + 34.9 cal mol"^ K“^ T(K). 
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HOCl + HCl in H 2 SO 4 • nH 20 - Hanson and Ravishankara [635] deduced a second order reaction rate 
constant of ~1 x 10^ M’^ s'Mn 59.6 wt % H 2 SO 4 at 201-205 K. A model of this and related sulfuric acid 
aerosol reactions tailored to stratospheric conditions has been published by Hanson et al. [639]. 
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CIONO 2 + HCl on H 20 (s) - Reaction probabilities of 0.27 (+0.73, -0.13) (Leu [944]) and 0.05 to 0.1 
(Molina et al. [11 15]) have been reported near 200 K. Abbatt et al. [5], Abbatt and Molina [ 8 ], and Hanson 
and Ravishankara [630] report that a portion of the reaction may be due to HOCl + HCl — > CI 2 + H 2 O, with 
HOCl formed from CIONO 2 + H 20 (s) -+ HOCl + HN 03 (s). Hanson and Ravishankara [629] see no 
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HOBr + HBr on H20(s) - Abbatt [4] measured y = 0.12±(0.03) at 228 K. The Br2 product was observed by 
mass spectrometry. 



Br0N02 and Br0N02+HCl on H20(s) - Hanson and Ravishankara [634] investigated these reactions in an ice 
coated flow reactor at 200 (±10) K. The reaction of Br0N02 with H20(s) proceeded at a rate 
indistinguishable from the gas phase diffusion limit, implying the reaction probability may be as high as one; 
the product BrNO(e) was observed. Depositing HCl and Br0N02 on ice led to rapid production of BrCl. 
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Table 60. Henry's Law Constants for Gas-Liquid Solubilities 



CF 3 CCIO in H20(1) 





These effective Henry's Law constant (H*) parameters, which account for HNO 3 dissociative ionization in 
solution, are from vapor pressure measurements by Zhang et al. [1790] in the temperature range -195-240 K. 
These values replace earlier uptake measurement values of Reihs et al. [1323], which, when extrapolated 



Quoted expression is from Knudsen cell measurements of HBr vapor pressures, which were confirmed by time 
dependent uptake measurements in the same apparatus (Williams et al., to be published) using liquid phase 
diffusion coefficients based on viscosity measurements of supercooled sulfuric acid solutions (Williams and 
Long [1711]). 
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Solar Fluxes and Species Profiles 



The photolytic rate constants or "J" values were calculated with a two-stream radiative transfer 
model with wavelength binning of 5 nm above 310 nm and 500 cm'^ below. Surface reflectance includes 
the effect of average cloudiness on the albedo. 
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